Turbulent premixed flames of propane/air and methane/air were studied on a stabilized Bunsen-type burner to investigate the interactions between turbulence and the structure of the flame front in the thin reaction zones regime. The fuel-air equivalence ratio was varied from 0.7 to stoichiometric for propane flames, and from 0.6 to stoichiometric for methane flames. The nondimensional turbulence intensity u 0 =S L covered the range from 2.7 to 24.1. The flame front data were obtained using planar Rayleigh scattering technique, and particle image velocimetry was used to measure the instantaneous velocity field of the flames. Thermal structure of the flame front was observed to change with increasing u 0 =S L . The reaction zone and preheat zone thicknesses increased modestly with nondimensional turbulence intensity in both propane and methane flames. Flame front curvature statistics displayed the same Gaussian-like distribution, which centered around zero for all the flame conditions studied. Flame surface density results exhibited almost no dependence on the nondimensional turbulence intensity. It was found that the flame curvature was able to broaden the flame front and reduce the flame surface density.
I. Introduction
T HE flamelet assumption has been an integral part of many numerical simulations of turbulent premixed combustion. This assumption has been used to model the complex coupling between chemistry and the heat and mass transfer. The flamelet model assumes the flame front as a thin passive surface that locally propagates with a laminar burning velocity and the combustion reactions take place within this surface. As such, the turbulent burning velocity can be approximated by the product of flamelet surface area and laminar burning velocity corrected for the effect of stretch and curvature. However, there is a growing body of experimental evidence that suggests the passive characteristics of the premixed flamelets and their laminar thermal structure may not be preserved beyond medium turbulence intensities. Also, experimental measurements of flame surface densities indicate that the flame surface area is not the dominant factor in increasing the turbulent burning velocity under the conditions corresponding to the thin reaction zones regime [1, 2] . Recent experiments have shown that the flame stretch has an active role in affecting the flame front structure [3, 4] . Flame stretch consists of two processes, curvature and strain, which have dominant roles in the dynamics of the turbulent premixed flames [5] . Dinkelacker et al. [6] have shown that medium-and large-scale turbulent eddygenerated strain effects have much more influence than diffusive effects from small scale-eddies. Soika et al. [4] , on the other hand, have suggested that the flame reacts more to flame curvature than to the effects of small-scale turbulent eddies. A recent review by Driscoll [7] has summarized the concept of flamelet wrinkling by flame-vortex interactions. This interaction controls the stretch rate and the eddy residence time during which the stretch rate is applied. The review further stated that thermodiffusive effects are observed to be important in highly turbulent flames, which means turbulent eddies and the flame stretch are both affecting turbulent premixed flames. However, there is no consensus on whether these effects are competing events, acting alone or in combination.
The objectives of this study are to evaluate flame front temperature profiles and their temperature gradients, thermal flame front thickness, flame curvature statistics, and flame surface density. These evaluations will provide means to understand the interaction between turbulence field characteristics and flame front dynamics as well as the effect of turbulence and curvature on the flame front structure. Thus, the validity range of the flamelet model for various flame conditions could be assessed.
II. Experimental Method
Premixed turbulent conical flames were produced by an axisymmetric Bunsen-type burner with an inner nozzle diameter of 11.2 mm. The main flame was anchored to the burner nozzle by an annular pilot flame under different turbulent conditions. A premixed propane/air or methane/air pilot flame was used for low-turbulent intensities, and a premixed ethylene/air pilot flame was used for highturbulent intensities. The premixed propane/air flame was studied at equivalence ratios from 0.7 to 1.0, and methane/air flame from 0.6 to 1.0. Turbulence level was regulated by perforated plates that were located at 3-diameter lengths upstream of the burner nozzle. These provided the experimental conditions of the nondimensional turbulence rms velocity (u 0 =S L ) ranged from 2.7 to 24.1, which correspond to conditions of the corrugated flamelets and thin reaction zones regimes as described by Peters [8] .
A. Particle Image Velocimetry Setup
Particle image velocimetry (PIV) was used to measured instantaneous velocity field of the flames for all experimental conditions studied. These conditions are summarized in Table 1 . The PIV experiment was conducted separately from the Rayleigh scattering experiments due to the presence of seeding particles. The system consisted of a double-pulsed second harmonic (532 nm) Nd:YAG laser (New Wave Research Solo) working at an energy level of 50 mJ=pulse and a frequency of 15 Hz, which gives a pulse duration of 0:01 s and two laser pulses separation of 10 s; a chargecoupled device (CCD) camera (Flow Sense M2 8-bit) with an array size of 1600 1186 pixels and equipped with a camera objective (Nikkor, f 60 mm, f # 2:8). This optical setup was used to capture the flow condition above the nozzle exit with a view area of 15:7 mm 11:6 mm and a resolution of 9:8 m=pixel. Submicrometer olive oil droplets were generated by a nebulizer as seeding particles. An interrogation region of 32 32 pixels was used together along with the image scale factor of 1.326 and the CCD pixel pitch of 5:56 m. The multiplication of these terms yields the actual PIV resolution of about 0.24 mm, which is the smallest velocity structure that can be resolved. The turbulence length scales were estimated using the velocity field data from the PIV measurements, which provided u 0 . Two-point correlation functions of u 0 were calculated along the length of the image. Then, these functions were integrated to where they first crossed zero so that the integral length scales were estimated. The Taylor length scales () were evaluated by constructing an osculating parabola for the two-point correlation functions. The distance to which the parabola crosses zero is the Taylor length scale. The mean flow velocity at the nozzle exit was varied between 14:5 m=s and 17:9 m=s.
B. Rayleigh Scattering Setup
Planar laser Rayleigh scattering was used to capture flame front images as shown in Fig. 1 [9, 10] . This setup consisted of a third . A capture area of 57 mm 46 mm and a resolution of 45 m=pixel were achieved, which is the maximum resolution of the Rayleigh imaging system. This was found using the contrast transfer function (CTF) that corresponds to 22 line-pairs=mm at CTF of 10%. Hence, the limiting resolution for the Rayleigh scattering measurements would be the laser sheet thickness that is 150 m. Because of this optical setup, the flame was imaged at three different sections along the centerline of the nozzle. Each of these sections has an area of 44 mm 22 mm. The centers of the three sections are 66.5, 96.5, and 121.5 mm above the burner nozzle. These flame sections were labeled as low, middle, and top, respectively. Three hundred images were captured for each of the flame sections for all the experimental conditions. The signal-to-noise ratio for the reactants is about 23.8 and 14.3 for the products. This is found by calculating the ratio between the mean and standard deviation for an area of 2500 pixels in the product and reactant regions of the flame. Typical Rayleigh scattering intensity is about 260 counts for reactant pixels and 72 counts for product pixels. Raw Rayleigh scattering images were first processed using a nonlinear sliding average filter for noise reduction. The 3 3 filter size was chosen because similar results were obtained compared with filter sizes of 2 2 and 4 4. Rayleigh scattering signal is linearly proportional to the total number density of the molecules weighted for their Rayleigh scattering cross sections. With the assumption of negligible pressure changes across the flame front, the ideal gas law was used to find the temperature of the flame [9, 11, 12] 
where T flame is the temperature evaluated for each pixel in each flame image, i is the Rayleigh scattering cross section for each molecule i, i is the mole fraction of different species, I flame and I air are the Rayleigh scattering signal intensity of the flame and a calibration image with air at temperature T air , respectively. I back is the background signal intensity, which consisted of the dark noise of the ICCD camera, the laboratory background light, and laser reflections. Because of its parasitic nature in the experimental setup, I back was estimated by setting T flame T ad (adiabatic flame temperature) and solving Eq. (1) in the product region of the each flame image. This technique of calculating I back have been reported by Knaus et al. [13] . The background signal was approximately 26 counts and the variation was less than 3 counts throughout the flame image, so it is reasonable to use a single background count for the entire image.
The Rayleigh scattering cross sections that had been tabulated by Sutton and Driscoll [14] were used. The variation of the different combustion species across the flame front was obtained through a 1-D laminar flame simulation with the Cantera package that uses the GRI-3.0 mechanism [15] . From these data, the variation of the effective Rayleigh scattering cross sections [k in Eq. (1)] with temperature were calculated for methane and propane flames as shown in Figs. 2 and 3 . The peaks of the intensity probability density function of the intensity ratio [I in Eq. (1)] that correspond to the burned and unburned gases were determined. These peak intensity ratio values were then related to the burned and unburned gas temperatures. In this way, relationships of k versus I were established for different equivalence ratios and fuels. So for each I value, there was a corresponding k value for calculating T flame at each pixel. A processed instantaneous Rayleigh scattering temperature image is shown in Fig. 4 .
III. Data Analysis A. Two-Dimensional Flame Front Thickness and Gradient
The Rayleigh scattering images were processed to provide instantaneous temperature gradients rT at c 0:5 and 0.3, and progress variable gradients rc at c 0:1-0.9, where c T T u = T b T u . T is the instantaneous temperature, T b is the burned gas temperature, and T u is the unburned gas temperature. Thermal flame front thicknesses th;c at a certain progress variable c were calculated using Eq. (2) th;c
where jrTj c is the temperature gradient at a given progress variable. Galley [16] has shown that the maximum temperature gradients are nearly equal to the ones found on the progress variable contour of c 0:5. Kim and Pitsch [17] have defined the reaction zone on the c 0:5 contour by defining the flame normal on the contour for their direct numerical simulation study of turbulent premixed flames. Dinkelacker et al. [6] have characterized the reaction zone thickness at c 0:5 and suggested the sampling of temperature gradients along a single c contour to prevent an overrepresentation of flame regions with low gradients when sampling in a range of c values. The same authors have also chosen c 0:25 the location of preheat zone, whereas Soika et al. [4] have used c 0:3. Galley [16] has shown that both c 0:25 and c 0:3 temperature gradients share the same trend, although their values are different. Thus, the flame front thickness at c 0:5 is considered as the reaction zone thickness, whereas the one at c 0:3 is regarded as the preheat zone thickness in this study. The c contours were found using an edge detection algorithm. Two-dimensional rT and rc were extracted at each point along the c contours. T u and T b were found from the distinct peaks in temperature probability density function (PDF) of each image, which corresponds to the most probable temperature values in the unburned and burned gases. Laminar thermal flame thicknesses o L were calculated from the temperature profiles across a 1-D laminar flame simulation, which was performed using the Cantera package. The error introduced by the Rayleigh imaging system was estimated using the analysis method described by Wang and Clemens [18] , in which dissipative structures larger than the laser sheet thickness of 150 m were found to have a relative error of 9% in flame front thickness and 8% relative error for temperature gradients. The overall error, including the random error and propagation of error, was found to be 19-23% for flame front thickness and 11-13% for temperature gradient measurements with a 95% confidence interval.
B. Two-Dimensional Flame Front Curvature
Local flame front curvature at each pixel point along the c 0:5 contour was calculated. The c 0:5 contours that were used for curvature evaluation were filtered by a zero-phase digital filter, which processed the contours in both forward and reverse directions. These provided no phase distortion and doubled the filter order. The filter length was chosen to be five points, which provided a filter order of eight. The derivative curves were filtered again using the same filter and then curvatures were evaluated using Eq.
where [19, 20] . The uncertainty in finding curvature is mainly due to the laser sheet thickness of 150 m, which is the minimum radius of curvature that can be resolved. This corresponds to the limiting curvature of 6:6 _ 7 mm 1 , and the mean standard deviation of the curvature statistics is about 1:74 mm 1 . The uncertainty in estimating curvature below the limiting curvature is about 3% with a 95% confidence interval.
C. Two-Dimensional Flame Surface Density
Flame surface density (FSD) is a measure of the flame surface area per unit volume. This quantity describes the wrinkling of the flame front surface by turbulence [21] [22] [23] . Thus, the increase in local burning rate as a result of the wrinkling of the flame front surface is described by the following:
where h _ !i is the mean rate of conversion of reactants into products per unit volume (or the local burning rate), r is the density of reactants, S o L is the unstretched laminar burning velocity, I o is the factor dependent on distribution of flame curvature and strain rates over the flamelet surface (stretch factor), and x is the FSD in the axial direction [21, 22, 24] .
For the current experiments, two different FSD methods were employed. They are the flame length and flame zone area method by Shepherd [25] and the gradient of progress variable rc method [26] .
The method by Shepherd is a 2-D estimate of FSD that is a direct measure of the flame front length and the flame zone area as functions of the mean progress variable c. Although the true definition of FSD is the flame surface area to volume ratio, the 2-D estimate is still considered as a reasonable approach. The flame zone area A c was determined from maps of c that were obtained by averaging 300 c images of the flame. As such, A c values were calculated from the histogram of c values and the known area of each pixel (0:002025 mm 2 ). As for flame front length L c, each flame front edge was divided into equal segments of 1 pixel length (0.045 mm). Then, the flame front edge was superimposed onto to the c map, and each flame front segment was assigned with a c value. From this, L c was found in the similar manner to A c. So the 2-D estimate of FSD was found using the following:
where n f is the number of flame images analyzed [23, 25, 27] . The gradient of c method measures the spatial variation of FSD across the flame front [26] . This FSD was found using the following:
where 0 is the instantaneous local FSD, rc is the gradient of progress variable that is the spatial flame front gradient, and c c f is the instantaneous flame front location where is the Kronecker delta [26, 28, 29] . Because Eq. (6) is generalized for a 3-D surface, the instantaneous 2-D FSD 0 xy needs to be corrected by the individual flame front orientation angle . This angle was found by calculating the rc in both x and y directions, so that the unit normal vectors for both directions were found by N i rc i =jrcj. From these unit normal vectors, xy can be calculated and 0 was found using [22, 28, 29] 
From these two FSD methods, the total burning rate can be estimated by integrating c across the flame front. The overall error for the gradient of c method was about 15-21% with a 95% confidence interval. 
IV. Results and Discussion

A. Average Temperature Profiles
After the Rayleigh scattering images were processed, instantaneous temperature profiles (Fig. 5) were extracted from 300 methane flame images for each nondimensional turbulence intensity u 0 =S L at 3.2, 6.6, and 24.1. These profiles were then averaged and normalized by their respective adiabatic flame temperatures to provide the curves in Fig. 6 . It is interesting to note that there is an increase in the averaged temperature in the preheat zone of the temperature profile for u 0 =S L 24:1. The similar phenomenon is also observed by Kortschik et al. [30] , in which the averaged temperature profiles for methane/air flame for u 0 =S L at 3.5, 9.2, and 18.7 are found to have about 20 K difference between the largest and lowest u 0 =S L temperature profiles. This observation confirms the previous results that implied that there are transport phenomena such as small turbulent eddies that enter the preheat zone and enhance the transport of the heat from the reaction zone by transporting preheated gases ahead of the reaction zone over a distance the same size as their own [8, 30, 31] .
B. Flame Front Thickness
Flame front thicknesses estimated from 2-D temperature gradients using planar Rayleigh scattering measurements were gathered to provide PDFs (see Fig. 7 ), in which peak (most probable) values were extracted and appear to have a small dependence on u 0 =S L . The variation of the reaction zone thickness for methane flames is shown in Fig. 8 . For all three sections of the flame, the reaction zone thickness seems to be increasing slightly with u 0 =S L . The similar trend was also observed for reaction zone thickness of propane flames. As for the preheat zone thickness for propane flames, the same mild dependence on nondimensional turbulence intensity was observed in Fig. 9 . The preheat zone thickness for methane flames was noticed to have the same trend as well. These figures show that the thickening process with increasing turbulence is comparable for both the reaction zone and the preheat zone, although a recent numerical simulation study reports that the thickening process in the reaction zone is much weaker than in the preheat zone [17] . It is suggested by de Goey et al. [31] that 2-D thickness measurements were systematically higher than those of the 3-D measurements by about 10-20% on methane/air flames for u 0 =S L about 5-19. This implies that 2-D measurements are prone to out-of-plane movements of the flame. However, the same study also showed that 2-D and 3-D flame thickness measurements have very similar behavior with u 0 =S L . Although the 2-D flame front thickness measurements reported may not be able to fully capture the 3-D flame front structure, these data should be able to provide useful information describing the actual flame front structure changes induced by turbulence.
C. Temperature Gradients
The temperature gradients for the reaction zone and the preheat zone show a decreasing trend as the nondimensional turbulence intensity u 0 =S L increases. The dependence of temperature gradients on u 0 =S L are much more pronounced than those of the flame front thicknesses. The change in reaction zone temperature gradient for methane flames is shown in Fig. 10 . The temperature gradients are decreasing with u 0 =S L and seem to be leveling off at high u 0 =S L conditions for all three sections of the flame. The same trend is observed for the preheat zone temperature gradients of propane flames as shown in Fig. 11 . The decrease in temperature gradient means that the thermal flame front structure is being thickened. The comparison between the reaction zone and preheat zone gradient figures shows that the rate of thickening is very similar for the two different layers of both fuels. However, because Lewis number is less than unity for lean methane flame and larger than unity for lean propane flame [32] , factors such as curvature and strain also play a role in affecting the flame front structure. Flame stretch is suggested to be the influential factor for changes in the flame front structure when the turbulent eddies are not able to affect the reaction zone [4, 5] . Therefore, there is a need to identify the effects of the turbulent eddies, curvature, and strain on the gradient and thickness separately.
D. Flame Front Curvature
An example of the flame curvature contour evaluated at c 0:5 is shown in Fig. 12 . Different sections of this contour were labeled for flame condition M15, and the instantaneous curvature values along these contours are shown in Fig. 13 . Local curvature values were observed to be equally distributed among positive and negative curvature values. The PDFs of propane and methane flame surface curvatures for all three sections are similar to Fig. 14 . These curvature PDFs display Gaussian-like distributions at all turbulent intensities that are similar to those reported elsewhere [19, 27] . Because of the Gaussian nature of the PDFs, the ensemble average was used for each data set and the mean flame curvature for propane flames is shown in Fig. 15 . The mean propane flame curvature were observed to be YUEN AND GÜLDER decreasing with nondimensional turbulence intensity and approached zero. The similar trend was also observed for the mean methane flame curvature results (Fig. 16 ) at different sections of the flame. However, the methane flame curvatures showed a steeper decrease with increasing u 0 =S L . It can be argued that the measured curvature statistics are 2-D quantities that may not be able to describe a 3-D phenomenon. However, Chen et al. [33] report that 2-D and 3-D curvature PDFs are very similar.
E. Flame Surface Density
The FSD data for methane flames obtained using the two methods as a function of c are shown in Figs. 17 and 18 . Both methods were observed to have similar trends, in which FSD decreases as nondimensional turbulence intensity increases. The same tendency was also noticed for propane flames. The peak values of FSD for both fuels, evaluated by Shepherd's method [25] or by the gradient of the progress variable [26] , did not change much with u 0 =S L (see Fig. 19 ). The similar trend can be seen in the 3-D FSD measurements by Chen and Bilger [2] . The peak values of FSD for methane flames are systematically larger than those of propane flames. This is most probably due to the higher Lewis numbers of propane flames.
The mean direction cosine varied slightly through the whole range of u 0 =S L between 0.64 to 0.72, and most values were around 0.65. This is very close to the typical value for Bunsen flames of 0.7 reported by Deschamps et al. [28] and the values of 0.55 to 0.65 reported by Chen and Bilger [2] . There is almost no change in the direction cosine across the flame front. All the direction cosine PDFs have shown very high peaks at 1:0. Shepherd and Ashurst [34] have shown that 2-D and 3-D direction cosine PDFs are very similar and it is possible to estimate the true mean direction cosine from 2-D images. Current results have the same trend as shown by Shepherd and Ashurst [34] . The crossing angle has shown very little change To isolate the effects of curvature from other factors affecting the flame front structure, the variation of the reaction zone thickness, preheat zone thickness, and FSD results as a function of curvature were evaluated. This was done by making 80 uniform bins for the curvature statistics from 4 mm 1 to 4 mm 1 . Then the reaction zone thickness, preheat zone thickness, and FSD (evaluated by the gradient of c method) were averaged for each bin, which is similar to the method described by Robin et al. [35] .
The variations of reaction zone thickness and preheat zone thickness with curvature are observed to have a v-shaped curve with the minimum around zero curvature 0 and the thickness increased with increasing positive and negative curvature values. When curvature is zero, the flame front thickness is reduced by the combined effects of turbulent eddies and strain. However, flame stretch is primarily caused by curvature effects [32] . Thus, this thinning effect is largely attributed to the turbulent eddies. Soika et al. [4] have also shown the lowering of 3-D temperature gradient by positively curved flame elements. In the direct numerical simulation by Sankaran et al. [36] , the results indicate that the flame becomes increasingly thicker with curvature and the lowest average flame thickness occurs at a slightly negative curvature, approximately equal to 1= L . Similar trends were also observed for high pressure flames [37] . As shown in Fig. 20 for propane flames at 0:7, as u 0 =S L increases, the reaction zone thickness decreases for u 0 =S L 12:5, which reinforces the idea of thinning of the flame front by turbulent eddies. The difference between reaction zone thickness changes for different u 0 =S L values is higher for negative curvature than that of the positive curvature values. This implies that the amount of thinning is higher for negative curvatures when only the u 0 =S L is changing. The same trend was also observed for methane flames at 0:6 as shown in Fig. 21 .
The preheat zone thickness of propane flames at 0:7 increases as u 0 =S L increases and an asymmetry was observed for higher u 0 =S L (see Fig. 22 ), where positive curvature thickness values are higher than that of the negative curvature values. There is also a slight shift of the minimum thickness to the negative curvature side (at about 0:5 mm 1 ). However, the methane preheat zone thickness slightly decreases as u 0 =S L increases at higher positive curvature, as shown in Fig. 23 . This is the opposite of the methane reaction zone thickness results, which implies that the modifications by curvature in the reaction zone and preheat zone might be different.
FSD data that are presented in the following were averaged instantaneous FSD values for each curvature bin value as described in the beginning of Sec. IV.F. The mean FSD value peaks at the zero curvature and it decreases with increasing and decreasing curvature, as seen in Fig. 24 , for methane flames at 0:6. The mean FSD increases with increasing u 0 =S L (Fig. 24 ). It could be argued that the turbulent eddies are thinning the flame front and thus increasing the amount of wrinkling of the flame, and the curvature effects are YUEN AND GÜLDER reducing the flame front wrinkling and flame surface area. Pope [38] suggests that turbulent straining tends to increase FSD, whereas the combined effects of curvature and flame propagation tends to decrease FSD. Because curvature and strain are both part of the stretch, which is mostly dominated by curvature [32] , it might be argued that curvature and turbulent eddies are competing events during flame propagation. The changes in FSD for negative curvature between different u 0 =S L are higher than that of the positive curvature. Negative curvature seems to able to increase reaction by increasing FSD and decrease reaction zone thickness. However, it seems that only curvature values around zero are capable to increase FSD. So curvature might work in conjunction with the turbulent eddies if the nondimensional turbulence intensity is high and the curvature values are close to zero. Although the curvature PDFs have the Gaussian distribution, which centered around zero, thickness results (reaction and preheat zone) still show an overall increase of thickness and a reduction of flame surface density.
Turbulent eddies are both creating the wrinkling (which is quantified here as the flame front curvature) and causing flame stretch. It may not be possible to completely isolate these two events; however, our conditional analysis of the curvature, flame thickness, and flame surface density imply that turbulent eddies decrease flame front thickness at locations where curvature is zero. On the other hand, the total effect of increasing turbulence intensity manifests itself as in increase in flame thickness.
V. Conclusions
The characteristics of turbulent premixed propane/air and methane/air flame front surfaces were examined using Rayleigh scattering in Bunsen-type methane and propane flames with u 0 =S L from 2.7 to 24.1. Flame front thicknesses, temperature gradients, curvature statistics, and flame surface densities were measured. Modification of the averaged temperature profile was observed in the preheat zone of the flame front, accompanied by the slight broadening of reaction zone and preheat zone thicknesses with nondimensional turbulence intensity in both propane and methane flames. Flame front curvature statistics displayed a Gaussian distribution for all the flame conditions, and the mean curvature values decreased as a function of u 0 =S L and approached zero. FSD estimated from both Shepherd's method and gradient of progress variable method for both fuels did not show any dependence on u 0 =S L . Curvature was observed to affect the flame front by increasing its thickness and reducing FSD. Current results imply that the flame surface area might not be the dominant factor in increasing the turbulent burning velocity under the conditions corresponding to the thin reaction zones regime. This also suggests that the flamelet assumption may not be valid over the range of condition studied in this work, which means the validity range of the flamelet model may be more restricted than previously believed. 
